The understanding of the self-sustained flow-acoustic coupling mechanism in flows over shallow rectangular cavities is of great interest owing to its various practical applications. The ability to understand and predict the resonant frequencies in such flows has recently been advanced through contributions from signal processing theory and by viewing the Rossiter tones as the product of an amplitude modulation process between a fundamental aeroacoustic loop frequency ͑f a ͒ and a modulating lower frequency. The results obtained using this approach applied to detailed and high-quality spectral data of shallow cavity flow over the Mach number range of 0.20-0.65 are presented and discussed. The new approach, while not a predictive technique, is used to clearly identify all the tones ͑Rossiter modes, their harmonics, and harmonics of f a ͒ observed in the pressure spectra and to show relationships between the tones. The asymptotic growth with Mach number of f a and the small-step changes of the modulating lower frequency over the Mach number range studied provide insight into the variation of the Rossiter mode parameters. The results also indicate that the empirical parameters in the Rossiter equation vary with Mach number for fixed cavity geometry.
I. INTRODUCTION
Cavitylike features are commonly found on aircraft in the form of landing gear bays, weapon bays, optical ports, and partially deflected flaps. 1,2 Cavity pressure fluctuations can reach as high as 170 dB and can potentially cause structural damage to the aircraft, damage stores, or interfere with their deployment. 3 In addition, these pressure fluctuations can significantly increase the drag on the aircraft 1 as well as its noise levels. 4 The noise increase is significant both in terms of noise pollution near airports and in impacting stealth capability. 5 Understanding the physics behind these cavity flows is crucial to minimizing their adverse effects with passive or active flow control methods. An understanding of cavity flow physics also improves the predictive capability of computational models. From the standpoint of basic research, the cavity flow has become a standard, welldocumented reference problem for validating the application of different feedback flow control methods. 1 A widely adopted model of the flow-acoustic coupling mechanism for cavity flow was first proposed by Rossiter. 6 The model is similar to that used by Powell 7 for edge tones and is based on experimental measurements of cavities in a wind tunnel. Cavity tones are thought of as the result of a vortex-shedding phenomenon at the leading edge of the cavity coupled with acoustic wave generation at the trailing edge of the cavity. More specifically, at the leading edge of the cavity, the incoming flow separates due to the sudden discontinuity of the cavity geometry. The difference in velocity between the high-speed flow in the freestream and the lowspeed and even reversed flow in the cavity causes a free shear layer to form. Small perturbations in the incoming boundary layer are selectively amplified by the Kelvin-Helmholtz instability mechanism. 8 This process produces coherent vortical structures that grow and roll up as they travel downstream. At the trailing edge of the cavity, the vortices in the shear layer impinge upon the edge of the cavity. This generates acoustic waves that propagate in the upstream direction. The arrival of acoustic waves at the leading edge of the cavity, which is the receptivity region for the shear layer, adds energy and promotes further shedding and development of the shear-layer structures. Under phase-matched conditions, the shear-layer vortices and upstream traveling acoustic waves couple to create a feedback loop in which the structures undergo selective amplification. The result is a stable limit cycle that manifests itself physically as flow and acoustic resonance, an inherently nonlinear phenomenon. Recently, an alternate viewpoint has been proposed which interprets the Rossiter modes as the stable response of a lightly damped system. 1 Rossiter also investigated the concept of a dominant mode of oscillation. Later Rockwell and Naudascher 9 observed that this dominant mode tends to coincide with the natural longitudinal acoustic mode for the cavity. Rossiter proposed a semiempirical formula for predicting the potential resonance frequencies, which was later modified by Heller et al. 10, 11 to account for the effect on the speed of upstream propagating sound in the quasiquiescent flow inside the cavity. This modified Rossiter 
where n is the integer number of the cavity mode, St n is the Strouhal number associated with that mode, f n is the frequency of oscillation, L is the cavity length, U ϱ is the freestream velocity, and M ϱ is the freestream Mach number. The two empirical parameters and in Eq. ͑1͒ can be adjusted for better agreement with the experimental frequency measurements. A physical meaning has been identified for these parameters. The first parameter, , is the ratio of the convective velocity of the coherent structures in the shear layer to the freestream velocity. This parameter is physical and can be measured experimentally using various means. The parameter is loosely regarded as a "phase lag" between the time a vortex impinges on the trailing edge of the cavity and the time the associated acoustic wave is generated. There is no convincing physical explanation for or experimental measurement of this parameter. Rossiter proposed the values of = 0.57 and = 0.25 for use in a wide range of flow conditions, even though his experimental results demonstrated a variation up to = 0.58 for various cavity length-to-depth ͑L / D͒ ratios. Heller et al. 10 later confirmed the value = 0.57 for cavity length-to-depth ratios of 4 and above.
In the literature, the values of the parameters and in Eq. ͑1͒ are generally assumed to be independent of the freestream Mach number for a given cavity length-to-depth ratio, but no theoretical basis is provided for such an assumption. This assumption seems to be based more on practical considerations than on rigorous attention to the physical details. Considering the tendency of the flow to adjust to varying conditions and the deviation at various Mach numbers from the Rossiter modes with fixed parameters, the potential variation of and with Mach number is evaluated in this study.
The Rossiter equation is effective in general at predicting the possible excitation frequencies for a given cavity geometry and Mach number, but it does not predict which frequency will be excited or the amplitude of the excited mode. Furthermore, cavity flow pressure spectra are often rich in spectral peaks that include frequencies other than the Rossiter modes. Several researchers [12] [13] [14] have noted lowfrequency peaks in the pressure spectra, which were often left unidentified. Daoud and Naguib 15 compared cavity pressure spectra at a range of streamwise locations using a microphone array. They found low-frequency peaks near the leading edge of the cavity, which were mostly not visible in the spectra further downstream. They suggested that this indicates that these peaks are acoustic in nature because they are less affected by the shear layer so close to the cavity leading edge. They did observe one peak at a Strouhal number of 0.83, which was visible all along the cavity. Ashcroft and Zhang 8 also noted a low-frequency peak in their analysis, with a Strouhal number of about 0.13. They considered this mode to be hydrodynamic in nature, attributing it to the recirculating flow within the cavity. In numerical studies, Najm and Ghoniem 16 observed low-frequency modulation of the cavity modes caused by the recirculating flow, leading to "flapping" of the shear layer.
The signal processing approach proposed by Delprat 17 to extend the Rossiter equation is very promising and can be used to identify more complex spectral features. The methodology is fairly new and has not received much attention in the cavity flow literature to date. In this approach, the nondimensional fundamental aeroacoustic loop frequency St a , which is the frequency of the loop of convection of the largescale structures in the shear layer and upstream travel of the generated acoustic waves and can be obtained from Eq. ͑1͒ by using n = 1 and = 0, is defined as
for a given freestream velocity and cavity length. In this analysis, the parameter is taken as a frequency ratio, such that f b = · f a is a lower-frequency modulating signal; this corresponds to the phase-lag parameter in the standard Rossiter formulation. Using these definitions, the Rossiter modes can be interpreted as a result of an amplitude modulation process, where f n = n · f a − f b . In the frequency domain, this leads to potential cavity tones, which are separated by a constant frequency ͑f a ͒ and offset from a harmonic series by another constant frequency ͑f b ͒.
It is natural to extend the analysis by considering the modes resulting from adding the two frequencies as well, f n + = n · f a + f b . Delprat 17 found that the f + modes can be observed in cavity spectra from experiments but are much weaker than the Rossiter modes. The same author also observed that the frequencies f a and f b are seldom visible in the pressure spectra by themselves, and only the modulation process makes their presence known. In light of the amplitude modulation approach, the low-frequency components in the cavity pressure spectra observed by different researchers are significant as they are potentially related to the modulating signal f b .
A major goal of this study is to investigate the effectiveness of this signal processing approach for identifying the spectral peaks in subsonic cavity flows. To this aim, we analyzed a wide range ͑Mach 0.20-0.65͒ of subsonic flows over a shallow cavity ͑L / D =4͒ separated by a Mach number increment of about 0.01. Thus, we were able to capture in detail the evolution of the spectral peaks with Mach number. This is in contrast with other cavity flow studies that typically use a much larger Mach number increment.
A description of the experimental apparatus and techniques used in this study is given in Sec. II. This is followed by the experimental results, which include an explanation of the analysis used to identify the spectral peaks and discussion. Some concluding remarks are offered in Sec. IV of the article.
II. EXPERIMENTAL FACILITY AND TECHNIQUES
The experimental facility consists of a small blow-down wind tunnel that can operate continuously in the subsonic regime. The air supplied is filtered and dried before passing through a stagnation chamber with screens designed to minimize freestream turbulence. The flow is directed to the 50.8 mm ͑2 in.͒ by 50.8 mm ͑2 in.͒ test section through a smoothly contoured converging nozzle before exhausting to the atmosphere. The upper wall of the test section is adjustable to compensate for the growth of both the boundary layer and the cavity shear layer. A 50.8 mm ͑2 in.͒ long, variable depth cavity is recessed in the floor of the wind tunnel. This cavity spans the entire width of the test section. In this study we focused on a cavity with depth of 12.7 mm ͑1/2 in.͒ corresponding to an aspect ratio L / D value of 4. The Reynolds number based on the cavity depth ranges from 6 ϫ 10 4 to 2 ϫ 10 5 . The incoming boundary layer is turbulent with a thickness of about 2.5 mm just upstream of the cavity leading edge.
Pressure fluctuations in the facility were measured by flush-mounted Kulite XTL-190-25A high-bandwidth pressure transducers. In this study we use the signal from the transducer located in the center of the cavity floor ͑Fig. 1͒. In previous studies we have verified that the acoustic signature measured in this location is similar to the average of the spectra from measurements in the front, center, and aft cavity floor and walls and therefore is representative of the overall aeroacoustic behavior. 18 The transducers have a flat frequency response up to about 50 kHz. In this study, the pressure signals were band-pass filtered between 0.2 and 25 kHz to remove unwanted frequency components. Recordings consisting of 2 18 samples were acquired at 200 kHz through a 16 bit resolution acquisition board ͑National Instruments PCI-6036E͒ operating on a Dell Precision Workstation 650 computer. By using the Kulite sensitivity and accounting for the amplifier gain setting, the voltage values of the time traces were converted to nondimensional pressure referenced to the commonly used value of 20 Pa.
Short-time Fourier transform ͑STFT͒ was utilized to provide information on the time evolution of the frequency content of the time-varying pressure signals. The STFT of a signal x͑t͒ is defined as 19, 20 STFT͑t
where w͑t͒ is the window function ͑in the present analysis the Hanning window͒. The STFT power spectra were computed by splitting the signal into segments with 95% overlap, multiplying each by the window function, calculating a 2 14 -point fast Fourier transform ͑which provides a spectral resolution of about 16 Hz͒, and converting them to sound pressure level ͑SPL͒. These were corrected to satisfy the continuous integral relation between energy in the frequency and in the time domains. An important consequence of the uncertainty principle for this analysis is that the time-bandwidth product is never less than 1/2,
Thus, a compromise is required between time and frequency resolution. The values of the sampling frequency and of the spectral resolution utilized in the present work guarantee a time resolution ⌬t of no less than 5 ms. The corresponding spectrograms are visualized as contour plots and provide a representation of the time-dependent SPL values of each recording. Time averaging of the SPL values obtained as described above produced the SPL spectra ͑accurate within Ϯ1 dB/Hz͒ presented in this study.
For this study, the ceiling of the test section and the cavity floor are treated with acoustic lining consisting of Polymer Technologies, Inc. polydamp acoustical foam with an absorption coefficient of 1.0 for frequencies above 2000 Hz. To prevent deformation of the foam at high velocities, a Small Parts, Inc. acoustically transparent perforated plate is placed between the foam and the flow region. Figure 2 shows the distribution of the measured spectral frequency and amplitude as a function of the flow Mach number for the cavity without and with acoustic lining. Strong transverse acoustic modes dominate the spectra of the cavity without acoustic lining, Fig. 2͑a͒ . 21 These transverse modes are not present for shallow cavity flows in real flight environments ͑e.g., weapon bays͒. The application of an acoustic lining is effective in reducing these unwanted modes, Fig. 2͑b͒ .
III. EXPERIMENTAL RESULTS

A. Identification of spectral peaks
A procedure is implemented to identify significant spectral peaks in a consistent and automated manner. The iterative procedure is illustrated in Fig. 3 and consists of the following steps. An initial line connects the spectral end points at the minimum and maximum frequencies of interest, Fig. 3͑a͒ . In our study we use the values of 300 Hz and 10 kHz. The spectral point whose vertical ͑dB/Hz͒ distance from this line is the largest is then found. If this distance is more than a threshold value ͑6 dB/Hz in our analysis, which corresponds to a level four times higher/lower than the surrounding frequencies͒, then the point is considered to be a significant maximum or minimum spectral point. If the point is above the line, then it is also counted as a significant spectral peak, Fig. 3͑a͒ . In successive iterations, the process is repeated on new lines having as the end points those from 
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Analysis of the spectral relationships of cavity tones Phys. Fluids 21, 055103 ͑2009͒ the previous iteration plus the newly found significant maxima and minima points, Figs. 3͑b͒-3͑f͒. The process stops when no more maxima and minima are found that exceed the 6 dB/Hz threshold, Fig. 3͑f͒ . The open circles in Fig. 4 display the spectral peaks identified as significant from the data in Fig. 2͑b͒ using the procedure discussed above. The Rossiter modes, calculated with Eq. ͑1͒ using conventional values of 0.25 and 0.57 for the parameters and , respectively, are also shown. Equation ͑1͒ with fixed values for and is clearly unable to reliably predict the experimental data. In particular, the predicted frequencies do not "bend down" enough with increasing the Mach number, the discrepancy between the predicted frequencies, and the measured peaks becoming larger as the mode number increases. Figures 2͑b͒ and 4 also reveal that the peaks are not aligned along continuous, smooth lines, but rather each line of peaks consists of subsets separated by small frequency jumps. The results in Fig. 4 clearly show that there is additional staging, beyond the typical Rossiter mode staging, over several ranges of the Mach number. This prompted the search for an independent type of equation that better describes the frequency of the experi-mental tones and could be used together with Eqs. ͑1͒ and ͑2͒ for gaining further insight in the aeroacoustic loop. To this aim an equation was sought of the type
where c 0 is the speed of sound at stagnation conditions, F is a function with zero value at M ϱ = 0 and finite value for M ϱ → ϱ, a is a coefficient defining how quickly the shape of the function F converges to its asymptotic value, and b is a coefficient modulating the function amplitude in terms of the natural longitudinal frequency of the cavity. Figure 5 displays the same experimental spectral peaks of Fig. 4 . Leastsquares fit of the experimental data shows that the harmonics ͑n =2, 3, 4, 6͒ of
with a = 2.3, match some of the spectral peaks within Ϯ60 Hz ͓solid circles in Fig. 5͑a͔͒ . A lower frequency, offset by 125 Hz from the values predicted by Eq. ͑6͒, and harmonics ͑n =2, 3͒ of this frequency fit some other peaks. Based on these findings we can identify the frequency of Eq. ͑6͒ as the fundamental aeroacoustic loop frequency f a and the lower frequency as the first Rossiter mode, f 1 , which is at f b = 125 Hz below f a . Knowing f a and f b , it is easy to find the lines corresponding to the harmonics of other Rossiter modes. Figure 5͑b͒ shows those experimental peaks that fall within Ϯ60 Hz ͑solid circles͒ of either the second Rossiter mode and its harmonics ͑f 2 , 2f 2 , and 3f 2 ͒ or the third Rossiter mode ͑f 3 ͒. The few remaining experimental peaks ͑solid squares͒ are more than 60 Hz away from one of these shown lines, but accounting for experimental uncertainties, they could be associated with the nearest line. Note that the same experimental peaks are shown in both parts of Fig. 5 with only a variation of the symbols used to plot the peaks.
As an example, consider the peaks for Mach 0.35 flow in Figs. 4 and 5 ͑the SPL for this case is shown later in Fig. 9͒ . The automated peak-locating procedure finds four peaks at 2026, 2258, 2991, and 3223 Hz. Using Eq. ͑6͒ with c 0 corresponding to the stagnation temperature T 0 = 284 K recorded during the experiment, the computed value of f a is 1109 Hz. Based on the observed offset, f b is 125 Hz as explained above. Using these values for f a and f b , the other peaks can be identified based on proximity to either Rossiter modes or harmonics of either the fundamental aeroacoustic loop frequency or the Rossiter modes, as shown in Table I . It can be seen that all the observed and calculated frequencies agree within the Ϯ60 Hz interval used for identification. This same procedure was applied to the spectral data obtained at each Mach number and the results are presented graphically in Fig. 5 .
It should also be noted that the smallest frequency separation between any two lines in Fig. 5 is f b = 125 Hz, which is nearly eight times the frequency resolution of the spectral data. Most of the previous cavity flow studies employed a coarser Mach number grid and/or frequency resolution, thus failing to identify the details of the interactions between the 
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Phys. Fluids 21, 055103 ͑2009͒ different aeroacoustic modes at different Mach numbers, which are clearly shown in Fig. 5 . This led to identification of the spectral peaks as Rossiter modes based on the relative proximity of each peak to one of the modal frequencies predicted by Eq. ͑1͒. The higher resolution of the current study clearly shows that the observed spectral peaks are related both to Rossiter modes and to the fundamental aeroacoustic loop frequency.
B. Pressure spectra characteristics
In this section, the evolution of the spectra is presented and discussed in order of increasing Mach number. Some ranges of Mach number can be identified where the spectra have similar characteristics. The transition between these ranges can involve complex behavior and spectral changes as discussed below. The white and gray bands in Fig. 5 portray the ranges with similar spectral content and transition regions, respectively.
The first group of spectra spans the Mach number range of 0.20-0.22 ͑Fig. 5͒. As shown in Fig. 6 for Mach 0.21, these spectra are characterized by a single dominant peak identified as the second Rossiter mode ͑f 2 ͒. The frequency of this peak varies slightly in time as evidenced by the somewhat discontinuous line in the SPL spectrogram, Fig. 6͑a͒ , and by the relatively broad tip of the spectral peak, Fig. 6͑b͒ . In general, broad spectral peaks with multiple or split tips exhibit unsteady behavior where the acoustic energy is shared between neighboring frequencies through rapid 
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Analysis of the spectral relationships of cavity tones Phys. Fluids 21, 055103 ͑2009͒ switching. Two other small peaks are detected that we identify as 3f 1 and 2f 2 , even though the peak at 3f 1 is more than 60 Hz away from the computed line and is thus shown as a square in Fig. 5 .
The flows between Mach 0.23 and 0.26 exhibit a broader dominant peak with frequencies spanning the 2f 1 to 2f 2 range ͑Fig. 5͒. As shown for the Mach 0.25 case in Fig. 7 , the dominant peak at f 2 is quite unsteady and is accompanied by a smaller peak that we identify as the third Rossiter mode, f 3 , and by the harmonic 2f 2 of the dominant peak.
At Mach 0.27 the spectrum reaches a more stable configuration with a single dominant peak, which is maintained up to Mach 0.32. The spectrum of the Mach 0.30 flow in Fig.  8 is typical of this group. The dominant peak at f 2 is sharp and steady and has a harmonic 2f 2 with similar characteristics albeit at lower intensity. There is also a small peak at f 3 , which is shown as a square in Fig. 5 because it is more than 60 Hz away from the calculated line. The Mach number range between 0.32 and 0.42 corresponds to a transition of the dominant mode from f 2 to 2f a . This occurs through a rather complex interaction between different modes which appear to be attracted to a frequency close to 2.2 kHz ͓Figs. 2͑b͒ and 5͔. This frequency is not associated with any characteristic length of the cavity test section and its appearance and effects would require a specific investigation. Above Mach 0.31 the frequency of the dominant mode starts to deviate from f 2 and to shift to 2f 1 . This is accompanied by the appearance of unsteady peaks in the range from 3f 1 to 3f a and soon after, close to 2f a . The SPL of the Mach 0.35 flow in Fig. 9 gives an example of this behavior. As the Mach number increases, the peak at 2f a moves to f 2 and the frequency of the 2f 1 peak approaches this value as well. The close proximity of these peaks induces unsteady switching between them, which benefits the peak at f 3 that becomes dominant at their expense. These features are evident in the SPL of the Mach 0.40 case in Fig.  10 . Above Mach 0.41 the peak at 2f 1 starts fading and at Mach 0.42 the peak at f 2 exhibits a small jump up to 2f a , which becomes dominant and is accompanied by its harmonic, 4f a .
At Mach 0.43 the transition discussed above is completed and the spectrum exhibits a strong dominant peak at 2f a with a harmonic at 4f a and between these a smaller peak at f 3 ͑Fig. 5͒. As the Mach number increases the peak at f 3 fades, a peak at f 1 appears at Mach 0.49, and a peak at 6f a emerges at Mach 0.57. Note that there is no line in Fig. 5 for 5f a . The spectral data of the Mach 0.60 case in Fig. 11 show these characteristics. The peak at f 1 is unsteady in contrast with the harmonics of the fundamental aeroacoustic loop frequency, which appear to be steady, Fig. 11͑a͒ . This type of spectrum is observed up to about Mach 0.63 when the peak at 4f a fades whereas the other peaks remain strong up to the highest Mach number ͑0.65͒ explored in this study. 
055103-7
Analysis of the spectral relationships of cavity tones Phys. Fluids 21, 055103 ͑2009͒
C. Discussion
The nondimensional form of Eq. ͑6͒ for the aeroacoustic loop frequency is
͑7͒
By matching Eqs. ͑2͒ and ͑7͒ we derived the following expression for the parameter as a function of the Mach number,
which is plotted in Fig. 12 Fig. 12 and show only a slightly decreasing trend with the Mach number. For low values of M ϱ the trend obtained for predicts values between 0.1 and 0.2, below those typically reported in the literature. As the Mach number and hence f a increase, decreases and drops to a value just under 0.1.
It should be noted that the frequency of all the distinct modal lines of Fig. 5 can be obtained from 
͑9͒
When m = 1, this equation corresponds to the form proposed by Delprat for the Rossiter modes. 17 For instance, with n = 2, the second harmonic of the fundamental aeroacoustic frequency is obtained for m = 0, the second Rossiter mode is obtained for m = 1, and the second harmonic of the first Rossiter mode is obtained for m = 2. Indeed, our measurements indicate that for some values of n the spectral peaks are distributed along lines separated by small jumps that correspond to different values of m. Basically, the results indicate that there is an additional staging with finer steps beyond the Rossiter modes over some ranges of Mach number. Inspection of comparable high-resolution spectral data reported by Rowley et al. 22 reveals similar small jumps. This would indicate that the parameter corresponding to the ratio of the modulating frequency to aeroacoustic loop frequency, or Rossiter's phase lag, is also sensitive to the Mach number and can "fine-tune" the aeroacoustic loop through small steps of value m · . The band-pass filtering of the pressure signals precluded direct observation of the corresponding modulating frequency. Additional experiments at Mach numbers lower than 0.2 and higher than 0.65 and also for cavities with different aspect ratios and in different facilities should be performed to further support the findings discussed in this section.
IV. CONCLUSIONS
Detailed acoustic measurements were obtained in the floor of a cavity with length-to-depth ratio of 4 in a subsonic wind tunnel. The floor and ceiling of the tunnel were treated acoustically to minimize the appearance and effects of transversal acoustic modes in the test section. The Mach number range 0.20-0.65 was explored with closely spaced Mach number increments of about 0.01. From the cavity surface pressure measurements, STFT and spectra of the SPL were obtained that allow study of the evolution of the fundamental aeroacoustic loop frequency over the explored range of closely spaced Mach numbers. This facilitates the investigation of the mechanisms behind and the relation among the observed peak frequencies. The signal processing approach recently proposed by Delprat 17 was adopted, which extends the classic Rossiter mode theory and is useful in describing spectra with more complex features. The results presented and discussed in this paper attest to the ability of this new technique in accurately identifying the observed peaks in the spectra. This new technique is more involved than the classic Rossiter mode analysis and is not predictive. However, it brings out nearly all the tonal frequencies involved and their complex nonlinear relation. The results also indicate that the empirical parameter , the ratio of the convective velocity in the shear layer to the freestream velocity in the Rossiter equation, systematically decreases with Mach number. This is in contrast with the constant values of typically used in literature. For a given modal number, the modulating to aeroacoustic loop frequency ratio, or Rossiter's phase lag, exhibits discrete variations with the freestream Mach number. This occurs according to multiples of a fundamental modulating to aeroacoustic loop frequency ratio smaller than previously reported.
